Replication control: Choreographing replication origins  by Diffley, John F.X
Dispatch R771
Replication control: Choreographing replication origins
John F.X. Diffley
Budding yeast replication origins are activated during 
S phase according to a predetermined temporal
programme. Two recent studies indicate that this
programme is executed, at least in part, by the S-phase-
promoting cyclins that act to assemble a pre-initiation
complex which includes the Cdc45 protein.
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Eukaryotic cells must efficiently and accurately replicate
their large genomes precisely once in each cell cycle.
Human cells, for instance, are faced with the daunting
task of copying nearly 10 billion base pairs of DNA
packaged into 46 chromosomes within the space of just a
few hours. To accomplish this impressive feat, replication
initiates from large numbers of replication origins distrib-
uted along the chromosomes, which must never fire more
than once in any cell cycle. The budding yeast
Saccharomyces cerevisiae has been extremely useful for
studying this process, primarily because their origins exist
as short, well defined sequences. Elegant experiments
have shown that, in this unicellular species, DNA replica-
tion is not initiated synchronously at all origins at the
beginning of S phase; instead, replication origins fire in a
continuum throughout S phase, according to a defined
temporal programme [1]. This is likely to be true in
higher eukaryotes as well. Two recent papers have pro-
vided the first glimpses into how this temporal pro-
gramme might be executed [2,3].
The firing of a replication origin is a two-step process,
regulated by the major cyclin-dependent kinase — Cdc28
in S. cerevisiae — together with the B-type cyclins (Clbs)
[4]. In the first step, key initiation factors — including
Cdc6 and members of the Mcm protein family — assem-
ble at origins in a ‘prereplicative complex’. Prereplicative
complex assembly is blocked by Clb–Cdc28 kinase, and so
cannot occur until the end of mitosis when the Clbs are
degraded. In the second step, prereplicative complexes
are activated, origins unwind and bidirectional replication
forks are established. Clb–Cdc28 and a second protein
kinase, Dbf4–Cdc7, play an essential positive role in this
step. Thus, once-per-cell-cycle replication is ensured
because, while Clb–Cdc28 kinase triggers initiation, it also
prevents re-replication by blocking the assembly of new
prereplicative complexes.
Six Clbs (Clb1 to Clb6) are involved in promoting 
S phase and mitosis in budding yeast [5]. Two of these,
Clb5 and Clb6, are normally responsible for driving 
S phase. Neither of these cyclins is essential; cells lacking
Clb5 enter S phase at the appropriate time, but take
much longer to complete DNA replication, while cells
lacking Clb6 appear to enter and complete S phase on
schedule. Absence of both Clb5 and Clb6 results in a sig-
nificant delay in the onset of S phase, presumably until
the other four Clbs (Clb1 to Clb4) are synthesised. Once
these cells begin DNA replication, however, they
progress through S phase at near wild type rates. A
number of points can be concluded from these results.
Firstly, that Clb5 is more efficient than Clb6 at promot-
ing S phase. Secondly, that Clb6 can trigger the timely
firing of at least some early origins, but cannot promote
efficient DNA replication. And thirdly, that in the
absence of Clb5 and Clb6, some or all of Clb1 to Clb4 can
promote efficient S phase progression. 
Schwob and Nasmyth [6] suggested that these results
could be explained if Clb6 triggers early, but not late,
origin firing. Donaldson et al. [2] have now provided direct
evidence in support of this idea. Using two-dimensional
gel techniques to examine replication intermediates, they
have found that, in a yeast strain lacking Clb5, firing of
early origins was apparently normal, but a number of late
origins were unable to fire and were, instead, replicated
passively from distant origins. They also found that,
although significantly delayed, both early and late origins
fired efficiently in a strain lacking both Clb5 and Clb6.
Taken together, these results indicate that Clb6 is unable
to trigger late origin firing, and that the extended S phase
in the clb5 mutant strain is due to the fact that the genome
is replicated entirely from early firing origins.
Why is Clb6 unable to trigger late origin firing? Three
possibilities are considered in Figure 1. One possibility
(Figure 1a) is that Clb5 and Clb6 have slightly different
substrate specificities, and that the protein composition
of early and late origins differs in some way such that
Clb6 cannot phosphorylate a key substrate at late origins.
If this model is correct, Clb1 to Clb4 can collectively
phosphorylate the same substrates as Clb5. A second pos-
sibility (Figure 1b) is that higher levels of Clb kinase
might be required to activate late origins. As many late
origins reside in heterochromatic regions, it is not diffi-
cult to imagine that the apparent affinity of late origins
for Clb kinase is reduced simply due to limited accessi-
bility. Such a model predicts that Clb5 would be
expressed at a higher level or activate Cdc28 more than
Clb6, and that Clb1–Clb4 levels are ultimately high
enough to activate all origins in the absence of Clb5 and
Clb6. A third possibility (Figure 1c) is that Clb6 might be
expressed only in a window at the beginning of S phase.
Absence of Clb6 later in S phase might explain its inabil-
ity to activate late origins. In all of these models, it is pos-
tulated that, in the absence of Clb5, forks from early
origins pass through and inactivate late origins before
Clb1–Clb4 can activate them.
As Clb5 by itself is capable of activating both early and
late origins, these models do not really explain why early
origins fire before late origins. Of the three models, the
second (Figure 1b) might accommodate this most readily,
if Clb5 were to start at a low level that can only activate
only early origins, and continue to increase in concentra-
tion during S phase to a level that can activate late origins.
Clearly, more details about the regulation of Clb5 and
Clb6 during S phase should help to evaluate the relative
merits of these possibilities.
The new results from Donaldson et al. [2] strongly suggest
that Cdc28 acts at the level of individual origins. Recent
work from Zou and Stillman [3] may provide an important
clue as to how this works. Cdc45 is a protein required for
initiating DNA replication which interacts with prereplica-
tive complex components [4]. Previous work from Apari-
cio et al. [7], using a formaldehyde cross-linking chromatin
immunoprecipitation technique, indicated that Cdc45 is
present at replication origins during G1 phase and so can
be considered a component of prereplicative complexes.
These investigators further showed that, after initiation,
Cdc45 remains bound to chromatin but moves bidirection-
ally away from the origin, consistent with the possibility
that it travels with replication forks, perhaps as a compo-
nent of the elongation apparatus.
Using a different assay, in which chromatin is first partially
purified without cross-linking, Zou and Stillman [3] were
unable to detect Cdc45 bound to chromatin during early
G1 phase, but instead found it first associated with
chromatin at around the G1–S boundary. This could be
reconciled with the results of Aparicio et al. [7] if Cdc45
binding to replication origins is unstable during G1 phase,
and does not survive the purification protocol without
cross-linking, but later in G1 it associates more tightly
with chromatin. Zou and Stillman [3] found that this asso-
ciation was delayed in the absence of Clb5 and Clb6, sug-
gesting that Clb activity is essential for tight binding of
Cdc45 to chromatin. Most importantly, they found that
Cdc45 was tightly associated with chromatin in cells
blocked near the G1–S boundary by inactivation of Cdc7.
As Dbf4–Cdc7, like Clb–Cdc28, is required throughout S
phase for origin firing [8,9], this suggests that the tight
association of Cdc45 with origins occurs before they fire,
and that Dbf4–Cdc7 is not required for the association. 
Taken together, these results suggest that origin firing
during S phase can be divided into two separate events, each
triggered by an essential protein kinase (Figure 2). At the
end of mitosis, when Clb–Cdc28 kinase is inactivated, pre-
replicative complexes assemble at origins. These prereplica-
tive complexes probably contain loosely associated Cdc45.
The activation of Cdc28 by Clb5 and/or Clb6 converts
Cdc45 into the more tightly-associated form. Dbf4–Cdc7 is
not required for this step, but is required for an additional
step that leads to origin unwinding and the assembly of bidi-
rectional replication forks. From the results of Zou and Still-
man [3], Clb–Cdc28 can act before Dbf4–Cdc7; whether
this order of events is obligatory is unknown.
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Figure 1
Possible explanations for the inability of Clb6 to activate late
replication origins. These possibilities are discussed in the text. In (a)
the coloured arrows represent the different specificities of Clb5 and
Clb6 for early (E) and late (L) prereplicative complexes. In (b) the
thickness of the arrows is proportional to the level of kinase activity
required to activate the origins.
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Of course, many important questions remain. Is Cdc45
itself a substrate of Clb kinase or is the process regulated
by phosphorylation of some other prereplicative complex
component? Is this the only essential function of Clb
kinase in DNA replication? Does Cdc45 tightly associate
with early origins before late origins? What does Cdc45
actually do in DNA replication and does it perform its
essential function during initiation or elongation? How do
the S-phase-promoting factors Clb–Cdc28 and Dbf4–Cdc7
preferentially activate early origins and which of the
models in Figure 1 most accurately describes the differ-
ences between Clb5 and Clb6?
Finally, and perhaps most importantly, what is the biologi-
cal significance of early and late firing replication origins?
Correlations between gene activity and replication timing
have been known for years; early replicating DNA tends
to contain actively expressed genes in euchromatin,
whereas late replicating DNA tends to contain heterochro-
matic, transcriptionally inactive DNA [10]. Cause and
effect, however, have been difficult to tease apart. This
recent progress in understanding the trans-acting factors
responsible for organising the temporal programme of
origin firing should provide new tools to help address this
very interesting question.
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Figure 2
Stepwise activation of replication origins. The ‘origin recognition
complex’ (ORC) remains bound at origins throughout the cell cycle. At
the end of mitosis, inactivation of Clb–Cdc28p kinase triggers the
assembly of prereplicative complexes which contain, in addition to
ORC, Cdc6, Mcm proteins and Cdc45. Activation of the Clb–Cdc28
kinase converts Cdc45 to its tightly bound configuration, and probably
targets Cdc6 for degradation. This complex has been termed the ‘pre-
initiation complex’ by Zou and Stillman [3]. Activation of the
Dbf4–Cdc7 kinase triggers origin unwinding and bidirectional DNA
replication. During replication, Cdc45p and the Mcm proteins may
travel with replication forks [7].
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